Abstract A theoretical study of the kinetics and the mechanism of the hydrogen abstraction by OH, Cl and NO 3 radicals from two amides (DMF and DMA) has been investigated. Calculations were carried out using DFT B3LYP/6-311++G(2d,pd)/CBS-QB3 and transition-state theory. This work provides the first theoretical determination of the rate coefficients and detailed mechanism for the reactions of OH, NO 3 radicals and chlorine atoms with DMF/DMA, over a temperature range 273-380 K and at atmospheric pressure. The obtained rate coefficients are in reasonable agreement with experiments. Results indicate that the mechanism of the Cl and NO 3 reactions with amides goes preferentially through H-abstraction from (C(O)H) and (C(O)CH 3 ) groups. Meanwhile the mechanism of the OH with amides (DMF, DMA) is dominated by H-abstraction from the N-methyl groups. 
Introduction
Amides constitute a large variety of Nitrogen Volatil Organic Compounds (NVCOs) that are considered as tropospheric contaminants. These compounds are emitted into the atmosphere as primary pollutants from several sources including the petrochemical industry, the microelectronics fabrication industry, as well as the manufacture of various products such as synthetic polymers, dyes, cosmetics, drugs, and pesticides (Manahan, 1994; Finlayson-Pitts and Pitts, 1999; Carter, 1994) . They are also formed in situ as intermediate products upon the atmospheric degradation of several important amines or pesticides (Finlayson-Pitts and Pitts, 1999; Tuazon et al., 1994) . In the troposphere the potential removal processes of these compounds are mainly chemical reactions with OH, Cl and NO 3 radicals. The determination of the kinetic rate constants and mechanisms of degradation is of great importance since it constitutes the only route through which we may assess the fate of these contaminants once they are emitted to the troposphere. This fate is expressed in terms of their persistence and tropospheric lifetimes with respect to each atmospheric photo-oxidant. Unfortunately, studies concerning the kinetics of degradation of amides are scarce.
The reaction of amides with atmospheric oxidants has been studied by Koch et al. (1997) , Aschmann and Atkinson (1999) , Solignac et al. (2005) , and El Dib and Chakir (2007) . Koch et al. (1997) investigated the kinetics of oxidation of several amides by OH-radicals at different temperatures using flash photolysis/resonance fluorescence. Aschmann and Atkinson (1999) investigated the kinetics of homogeneous OH and NO 3 oxidation of 1-methyl-2 pyrrolidinone, a cyclic amide, using the technique of relative rates. Solignac et al. (2005) investigated the kinetics of oxidation of amides at room temperature by OH radicals and also by chlorine atoms. The experimental approach used being the technique of a simulation chamber coupled to an FTIR spectrometer. Meanwhile, El Dib and Chakir (2007) reported the rate coefficient for the reaction of NO 3 radicals with several amides at different temperatures using laser photolysis coupled with time resolved absorption UVvisible spectroscopy. The kinetic results of these studies show that the degradation of amides by atmospheric oxidants is sensitive to the amide structure. In addition, these reactions proceed via H-atom abstraction at any and all sites containing an H-atom. In their mechanistic studies of the reactions of amides with OH Solignac et al. (2005) observed that the major channel appears to be abstraction from methyl groups attached to the nitrogen atom. However, it should be noted that H-abstraction from other groups may occur particularly in the case of DMF due to the liability of the H-atom in the C(O)H group. At present, we cannot confirm or refute any of the proposed OHdegradation mechanisms of amides. Further mechanistic and theoretical investigations are required to provide a much improved understanding of the mechanism of amide reactions with OH, NO 3 radicals and Cl atoms. To the best of our knowledge, there are no theoretical studies concerning the reaction of amides with OH, Cl and NO 3 radicals up to now. The present work reports the first theoretical study regarding the kinetics of the reactions of OH, NO 3 radicals and Cl atoms with DMF (CH 3 ) 2 NC(O)H) and DMA (CH 3 ) 2 NC(O)CH 3 ). The purpose of this work was to provide kinetic data for reactions I and II and to estimate the branching ratios for the different paths contributing to the overall reactions.
Theoretical methods

Quantum chemistry calculations
Calculations were carried out using Gaussian 09 package (Gaussian 09, 2010) available in the CLOVIS platform at the University of Champagne-Ardenne in France. The Optimized geometries and electronic structure for all minima and transitions states have been performed with DFT B3LYP/6-311+ +G(2d,pd) level of theory, i.e., using Becke's threeparameter nonlocal-exchange functional with the nonlocal correlation functional of Lee et al. with the 6-311++G(2d,pd) basis set Lee et al. (1988) .
The nature of each stationary point was defined by calculating harmonic vibrational frequencies. Every minimum has real frequencies, and the reaction transition states (TSs) are located using the synchronous transit-guided quasi-Newton technique for the saddle point search (QST3 module in GAUSSIAN-09). Hessian matrix of TS is controlled for the presence of a single negative frequency. Animation of the imaginary frequency, often combined with intrinsic reaction coordinate (IRC) calculations, Gonzalez and Schlegel, 1989, 1990 enabled us to correlate a certain transition structure explicitly with its reactants and products.
The B3LYP method overestimates Hydrogen abstraction reaction energies (Montgomery et al., 1999; Coote et al., 2002; Gutbrod et al., 1996; Olzmann et al., 1997; Fenske et al., 2000a,b; Kroll et al., 2001; Zhang et al., 2002; Kuwata et al., 2003; Cremer et al., 1998; Malick et al., 1998) and hence gives unreliable thermochemical predictions. Therefore, in this work, B3LYP method was used only to optimize neutrals, radicals and transition states geometries, whereas the CBS-QB3 model of Petersson and co-workers (Malick et al., 1998) was used to compute the energies of the different systems studied here. In fact recent studies indicate that the CBS-QB3 method often provides good agreement with experimental reaction energies and barriers for molecules having similar size as those studied in this work (Stipa, 2001; Tiu and Tao, 2006; Robinson and Holbrook, 1972) . It should be noted that the energies of all structures were obtained using the CBS-QB3 method and corrected for differences in zero-point vibrational energies scaled by 0.99 (Montgomery et al., 1999) . Moreover, the study by Dybala-Defratyka et al. (2004) suggests that errors in CBS-QB3 atomization energies are less than 4 kcal/mol.
Radom and co-workers (Wood et al., 2003) have revealed that for the standard CBS-QB3 method, a correction for spin-contamination in open-shell species must be added to the total energy. Heat of formation for all gaseous species involved in the reaction was calculated based on the procedure described in the literature (Stipa, 2001; Curtiss et al., 1997) .
Theoretical enthalpies of formation at 0 K are calculated by subtracting the calculated nonrelativistic atomization energies P D 0 from known enthalpies of formation of the isolated atoms. For any molecule, such as A x B y H z , the enthalpy of formation at 0 K is given by 
Rate theory calculations
The rate constant reaction was obtained using RRKM theory (Mokrushin et al., 2002; Tsang et al., 1996; Tsang, 2000, 1999) with the required sums and densities of states and harmonic frequencies, zero-point energies, moments of inertia, and symmetries essential to determine the kinetic behavior of the reaction were obtained from optimized reactants, transition states, and products calculated with B3LYP/6-311++G (2d, pd). Theoretical enthalpies obtained from the CBS-QB3//B B3LYP/6-311++G (2d, pd) for all gaseous species involved in the reaction were introduced in the CHEMRATE database. The calculations were done to determine the temperature dependence of each reaction involved in the mechanism. Further details about of the time-dependent Master Equation (ME) analysis in CHEMRATE are accessible in the literatures (Mokrushin et al., 2002; Tsang et al., 1996; Tsang, 2000, 1999) . The precision of the method implemented in CHEMRATE was found to be sufficient through wide comparison with experimental and theoretical data (Tokmakov and Lin, 2003; Tokmakov and Lin, 2004; da Silva, 2009 ). We did not take into account the low frequency internal rotations as hindered rotors; our simulations take only the most stable conformer. These simplifications will have small influence on numerical accuracy but should not deviate from the validity of rates values.
Structural calculations
The calculation involves an examination of the competition between two H-abstraction pathways. For DMF and DMA, there are several sites at which H-abstraction may take place (see Fig. 1 ). In the case of DMF (1), the reaction is expected to proceed via H-abstraction from either the (-C(O)H) or the (-N(CH 3 ) 2 ) entities. For DMA (1 0 ), X radicals can abstract the hydrogen atom from (CH 3 C(O)-) and (-N(CH 3 ) 2 ) groups. The transition states (TS) are characterized by a near linear alignment of the radical, the hydrogen to be abstracted, and the central atom of abstraction. The different H-abstraction pathways proceed via two-steps. In the first step, the radical approaches the H atom of the amide, forming an intermediate complex (amide-radical) more energetically stable than the reactants. In the second step of the reaction the intermediate complex dissociates to give reaction products after passing through a transition state (see Figs. 2-9) . The H-abstractions were found to be exothermic and exergonic for both species DMF and DMA with all radicals taken in this study. Table 1 show the energies of reactants and products species involved in the mechanism. The experimental and theoretical enthalpies are in good agreement except for DMFR 1-2 , DMFR 3 , DMAR 1-2 and DMAR3 species ( Fig. 1 ) for which the experimental enthalpies are not available in the literatures.
Reaction with Cl
The energies of all species involved in the H-abstraction reactions are reported in Table 2a, Table 3 and Table 4a, Table 5 for (DMF+Cl) and (DMA + Cl) respectively. The Figure 1 Structures of key species (DMF, DMA) considered for kinetics simulations determined by B3LYP/6-311++G(2d,pd), bond lengths in Angstrom.1:
N,N-dimethylformamide (DMF), and N,N-dimethylacetamide (DMA) reactionsmechanism of the reaction of DMF/DMA with Cl is exothermic and occurs via two channels. For the reaction of DMF with Cl, the Cl atom may undergo Hydrogen transfer from DMF (H 1-6 /H 7 ), via the H-bonded complexes (DMF-Cl) 1 -2 / (DMF-Cl) 3 (gain in energy $10 to 11 kcal mol
À1
) and TS 1-6 Cl (abstraction of H 1-6 ) and TS 7 Cl (abstraction of H 7 ) to form DMFR 1-2 , DMFR 3 and HCl. The energies of TS 1-6 Cl and TS 7 Cl are $5-8 kcal mol À1 higher than the total energy of the reactants. Hydrogen transfer from DMA(H 1-6 /H 7-9 ), may also undergo via the H-bonded complexes (DMA-Cl) 1-2 /(DMACl) 3 (gain in energy $5-7 kcal mol
) and TS 1-6 Cl (abstraction of H 1-6 ) and TS 7-9 Cl (abstraction of H 7-9 ) (barrier high $4 to 10 kcal mol À1 ) to form DMAR 1-2 , DMAR 3 and HCl. For both DMF and DMA: complexes are characterized by an HAC bond distance of $1.102 to $1.167 Å , HACl like bond distance of $1.850 to $2.030 Å and ClAHAC bond angle of $180°respectively; transition states are characterized by an HAC like bond distance $1.400 to $1.413 Å , HACl like bond distance of $1.411 to 1.422 Å and ClAHAC bond angle of $180°(see Figs. 2-4 and 7).
Reaction with OH
The energies values are summarized in Table 2b, Table 3 and  Table 4b , Table 5 for DMF and DMA, respectively. As for the Cl atom, OH radical also undergoes Hydrogen transfer from DMF (H 1-6 /H 7 ), via the H-bonded complexes (DMF-OH) 1-2 /(DMF-OH) 3 (gain in energy $7 to 11 kcal mol À1 ) and TS 1-6 OH (abstraction of H 1-6 ) and TS 7 OH (abstraction of H 7 ) to form DMFR 1-2 , DMFR 3 and H 2 O. The energies of TS 1-6 OH and TS 7 OH are $4 to 15 kcal mol À1 higher than the total energy of the reactants. Hydrogen transfer from DMA(H 1-6 /H 7-9 ), similarly in the case of DMF, involves two H-bonded complexes:
(DMA-OH) 1-2 /(DMA-OH) 3 (gain in energy $6-8 kcal mol À1 ) and two transition states: TS 1-6 OH (abstraction of H 1-6 ) and TS 7-9 OH (abstraction of H 7-9 ) (barrier high $14.5-15.5 kcal mol 
Reaction with NO 3
All the energies values for the reaction of DMF/DMA with NO3 are summarized in Table 2c, Table 3 and Table 4c,  Table 5 for DMF and DMA, respectively. The same mechanism as for OH radical and Cl atom, NO 3 radical involves hydrogen transfer from DMF (H 1-6 /H 7 ), via the H-bonded complexes (DMF-NO3) 1-2 /(DMF-NO3) 3 (gain in energy $1.2-2.6 kcal mol
À1
) and TS 1-6 NO3 (abstraction of H 1-6 ) and TS 7-9 NO3 (abstraction of H 7-9 ) to form DMFR 1-2 , DMFR 3 and H 2 O. The energies of TS 1-6 NO3 and TS 7 NO3 are $23.4-29.5 kcal mol À1 higher than the total energy of the reactants.
Hydrogen transfer from DMA (H 1-6 /H 7-9 ), also undergo via the H-bonded complexes (DMA-NO3) 1-2 /(DMA-NO3) 2 (gain in energy $1.1-4.4) and TS 1-6 NO3 (abstraction of Figure 8 Structures of key species (TS) for reaction DMA + OH considered for kinetics simulations determined by B3LYP/6-311++G (2d,pd), bond lengths in Angstrom.
Figure 9
Structures of key species (TS) for reaction DMA + NO 3 considered for kinetics simulations determined by B3LYP/6-311+ +G(2d,pd), bond lengths in Angstrom. Table 1 Energies of reactants and product species involved in the mechanism: In hartrees (E) as obtained from the DFT calculation. CBS-H enthalpy at 2 98.15 K. CBS-G Gibbs free energy at 298.15 K. CBS-E energy.CBS (0 K) energy at 0 K. (1) CRC Handbook of Chemistry and Physics New York October 2003. 
N,N-dimethylformamide (DMF), and N,N-dimethylacetamide (DMA) reactions
Kinetics
The mechanism of H-abstraction reaction of amide with X (OH, Cl, NO 3 ) radicals is examined as a competition between, two H-abstractions as follows:
According to the reaction profiles, the rate constant (k) resultant to all the studied reaction channels can be analyzed in terms of conventional TST or RKM/master equation calculations. k Ia , k IIa are the forward rates and k -Ia , k -IIa reverse ones for the first step and k Ib , k IIb corresponds to the second steps respectively for channel I and channel II. On the basis of this hypothesis, rate constants of the channel I and II (k I and k II ) can be expressed as follows:
where k eqI and k eqII (equation (a) and (b)) are the equilibrium constants between the isolated reactants and the complexes for channel I and channel II respectively. All rate constants (k Ia , k ÀIa , k Ib , k IIa , k ÀIIa and k IIb ) involved in the H-abstraction reaction mechanism were calculated with ChemRate program (Mokrushin et al., 2002) . Simulations were performed at pressure 1 atm and temperatures range 273-380 K. Collisional energy transfer was described using an exponential-down model, with DE down = 300 cm À1 , Ar as a bath gas with lennard-jones parameters of r = 4.4 and n = 216 K (Miyoshi, 2010; Galano, 2006) . All rate constants quoted in this study are in s À1 or cm 3 molecule À1 s
À1
units. In this case, the overall rate constant (c), the branching ratios (d) obtained from theoretical kinetic simulation are calculated as follows: ) and branching ratio (b II ) within the temperature range 273-380 for reaction DMF+Cl. 
Kinetics results
DMF+X reaction
The H-abstraction reaction from DMF has been modeled as described above according to a complex mechanism in the entrance channel: two complexes (DMF-X) 1-2 and (DMF-X) 3 have been considered with the lowest two transition states for each atom/radical X involved . For the Cl atom, the H-abstraction from the ((CH 3 ) 2 NA) group site leads to the species DMFR 1-2 passing through TS 1-6 Cl. The H-abstraction from the (AC(O)H) group leads to DMFR 3 through the transition state TS 7 Cl. This path was found to be slightly more dominant with a branching ratio b II ¼ 0:51. Almost no temperature effect was observed for k I and k II . Calculated values of k overall vary from 1.32 (EÀ9) to 1.49 (EÀ09) cm 3 molecule À1 s À1 in the temperature range 273-380 K (see Table 6a ). The linear least square fit of all the data points provided by the calculation at different temperatures leads to the following Arrhenius expression:
The dominant mechanistic channel of the reaction of DMF with OH-radicals involves the abstraction of a H-atom from the ((CH 3 ) 2 NA) group and proceeds through the TS 1-6 OH transition state with b I values varying between 0.95 and 0.90 in the temperature range 273-380 K. The H-abstraction from the (AC(O)H) group involves the TS 7 OH transition state and leads to a k I value $20 times greater than that of k II (see Table 6b ). A small negative temperature dependence was observed for k I and k II . The k overall values range from 8.44 (EÀ11) to 7.59 (EÀ11) cm 3 molecule À1 s À1 in the temperature domain cited above. The Arrhenius expression obtained from these values is as follows:
The results obtained concerning the reaction of NO 3 radicals with DMF show that the dominant mechanistic channel involves the abstraction of a H-atom from the (AC(O)H) group. This mechanism proceeds via the TS 7 NO3 transition state and the corresponding b II values vary between 0.91 and 0.85 in the temperature range 273-380 K. Contrary to the result obtained for OH, the H-abstraction from the ((CH 3 ) 2 -N)A) group involving TS 1-6 NO3 leads to a k II value $10 times greater than that of k I (see Table 6c ). A negative temperature dependence of rate constants k I and k II was observed. The k overall values range from 2.09 (EÀ13) to 7.82 (EÀ15) cm 3 molecule À1 s À1 in the temperature range used in the calculation. The following Arrhenius expression of k overall between 273 and 380 K is obtained using least-squares fit:
DMA+X reaction
As in the case DMF, two complexes (DMA-X) 1-2 and (DMA-X) 3 have been considered with the lowest two transition states for each atom/radical X involved.
For the DMA+Cl system, the H-abstraction from the ((CH 3 ) 2 NA) group leads to the species DMAR 1-2 via TS 1-6 Cl. The H-abstraction from the (AC(O)CH 3 ) group leads to DMAR 3 species through TS 7-9 Cl. The channel (II) was found to be the dominant path with branching ratio values ranging from 0.71 to 0.64 and the k II value $2 times greater than that of k I . Almost no temperature effect was observed on the rate constants. The calculated values of k overall vary from 1.20 (EÀ9) to 1.35 (EÀ9) cm 3 molecule À1 s À1 in the temperature range 273-380 K (see Table 7a ). The Arrhenius expression obtained from these values is as follows:
The same tendency observed for the reaction of OH with DMF is also observed for DMA. The channel (I) was found to be largely dominant with a branching ratio b I value equal to % 0.98 and k I almost $40 times greater than k II . In addition, a small negative temperature effect on the k overall rate constant values was obtained. In the temperature range 273-380 K (see Table 7b ), the Arrhenius expression obtained for k overall is as follows:
For the reaction of NO 3 with DMA, reaction path (II) was found to be slightly more dominant with a branching ratio b II varying slightly between 0.62 and 0.59. In this case k II is equal to $1.4 times k I . (see Table 7c ). An important negative temperature coefficient is obtained for k overall in the temperature range 273-380 K. Therefore, the Arrhenius expression obtained for k overall is as follows:
5. Discussion
Structure and reactivity
For OH reaction, the major channel appears to be the abstraction from methyl groups related to the nitrogen atom in DMF/ DMA, channel I with the branching ratio b I $0.96 and $0.98 respectively. Moreover, same reactivity is observed for both molecules (DMF and DMA) with OH where k overall (DMA) $k overall (DMF).
In opposite way reaction with Cl present the same reactivity for both molecules with the channel II slightly the dominant path. In addition supplement in reactivity toward electrophilic attack with rising methyl substitution due to the positive inductive effect of these groups can be stated for this reaction. In fact the branching ratio b II passes from $0.50 for DMF to $0.70 for DMA.
Concerning the reaction with nitrate radicals, from the branching ratio values, it is clear to note that channel II is the dominant path; this can be explained by sterical effect of the NO 3 structure for reaction with DMF, and this hypothesis is confirmed in the reaction of DMA with NO 3 . In fact, the branching ratio b II passes from $0.90 to $0.60, when H in (C(O)H) group is replaced by CH 3 , which makes the Solignac et al. (2005) .
approaches in the H-abstraction more difficult in the case of (C (O)CH 3 ) group.
Comparison with experimental data
Only one experimental study, at room temperature (Solignac et al., 2005) is found in the literature, concerning the reaction of DMF with Cl atoms and DMA with Cl atoms. The rate constants obtained in this study for the reaction of Cl with DMF/DMA are $4-5 times greater than the values obtained experimentally respectively for DMF and DMA. Given that the energies calculations were determined with 2-3 kcal of uncertainties, values obtained in this work can be considered as in satisfactory agreement with the values of Solignac et al. (2005) . Because of uncertainties associated with several parameters in these calculations and in the related experimental method, the goal of these calculations is therefore to determine whether or not the experimentally observed yields can be produced within the uncertainties of the calculations. Concerning the reaction with NO 3 radicals, El Dib and Chakir (2007), have reported rate constants of 4.4 Â 10 À14 and 1.6 Â 10 À14 cm 3 molecule À1 s À1 for the reactions of NO 3 with DMF and DMA, respectively at room temperature. The rate coefficients obtained in this study for the reaction of NO 3 with (DMA, DMF) are in satisfactory agreement with the experimental results obtained by El Dib and Chakir (2007) . However, results from these calculations predict that the rate constant of the reaction of nitrate radicals with amides (DMF, DMA) decreases with temperature over the range 273-380 K, which is in good agreement with the experimental data.
The discrepancies between experimental observations and calculations may be a consequence of the uncertainties of both experimental determinations and theoretical calculations. Two experimental determinations were found in the literature concerning the reaction between DMA and OH radicals (Koch et al., 1997; Solignac et al., 2005) and one experimental determination was found in the literature concerning the reaction between DMF and OH radicals (Solignac et al., 2005) . As for the reactions of amides with chlorine atoms, our values are approximately 4 times greater than the values obtained experimentally. In addition, in their study to investigate the sites of attack of OH radicals on amides in an aqueous solution, Hayon et al. (1970) have found that for formamide, abstraction may occur from either the (CH 3 AC(O)A) or the (NH 2 A) moieties. Meanwhile, for other amides such as Nmethylformamide and N,N-dimethylformamide, the abstraction was found to occur mostly from the N-methyl groups (Koch et al., 1997; Solignac et al., 2005; Rudic et al., 2003) . This mechanistic tendency is also observed in our theoretical calculations.
Conclusion
This study represents the first theoretical determination of the rate coefficients and detailed mechanism for the reactions of OH, NO 3 radicals and Chlorine atoms with DMF/DMA, over a temperature range 273-380 K. This work has been carried out using DFT and CBS-QB3 methods, and this methods exposed to be the most efficient and accurate computational methods for the study of this type of reactions. Quantum calculations show that, the reactions of DMF/DMA with Cl, OH and NO 3 radicals are exothermic and the mechanism passes firstly through an intermediate complex more energetically stable than the reactants and secondly, the intermediate complex dissociates to form reaction product after passing through a transition state (TS).
Kinetic and mechanistic results indicate that the mechanism of the Cl reaction with amides goes mainly through H-atom transfer from the (C(O)H) and (C(O)CH 3 ) sites but the abstraction from the (N(CH 3 ) 2 ) is not negligible. The same conclusion can be drawn concerning the reaction of NO 3 with amides (DMF, DMA). In addition branching ratio is sensitive to the sterical effect of the NO 3 structure. Concerning the reaction of amides with OH radical calculation results show that the mechanism is mainly dominated by the hydrogen abstraction from the N-methyl groups. This mechanistic tendency is in agreement with the experimental results. The calculated overall rate constants are in reasonable agreement with the experimental ones, available in the literature.
